Following the development of a robust on-line monitoring solution, EDF Energy has now started to carry out routine online mapping tests on its underground medium voltage (MV) cable network. This paper describes the latest developments and compares on-line and off-line mapping techniques as well as results. It finally discusses how these new on-line techniques will impact on longer-term preventive maintenance and replacement strategies.
INTRODUCTION
EDF Energy's MV 11kV and 6.6kV underground cable network is some 38,000 km long and is estimated to cost more than £4 billion to replace.
The underlying fault rate has been gradually increasing over recent years and this trend is considered likely to accelerate as the cables get older. Regulatory incentives require the company to continuously improve network performance, operate the network smarter and reduce operational cost.
As the financial and environmental cost of simultaneously replacing large quantities of older cables is prohibitive, EDF Energy is seeking targeted maintenance and replacement strategies that can defer asset replacement and avoid unplanned outages. EDF Energy's aim for on-line condition monitoring is to develop a comprehensive suite of tools that can provide a reliable assessment of the condition of the network and knowledge of where best to target limited resources.
Longer term objectives include:
• Reducing the overall level of risk on the electricity power system. • Targeting replacement/refurbishment programs by identifying and locating high risk sections of cables and/or reconfiguring networks.
• Developing systems and tools that can later be applied to other power systems assets
At a simplistic level, cables with high Partial Discharge (PD) activity can be classified as having a greater risk of failure than cables in which no PD activity can be detected. Once identified, the defects need to be localised, located and pinpointed. Off-line techniques have been used for around 15 years but increasingly, the industry is looking towards easier and cheaper solutions that are offered by on-line mapping techniques.
LATEST DEVELOPMENTS & PROGRESSES

On-line PD consortium
An international On-line Partial Discharge consortium ( Figure  1 ) was established in 2002 in order to address the industry's growing concerns over cable ageing and the opportunities presented by these emerging technologies. One of the many work-streams undertaken by the consortium partners is aimed at improving On-line mapping techniques.
MV Feeders monitored on-line by EDF Energy
More than 600 medium and high voltage feeders are now being monitored for partial discharge activity on-line using a range of equipment developed using increasing experience. Figure 2 shows a typical PD trend before failure. Discharge activity provides information on the degradation process and is often observed to drop immediately prior to failure as carbonised voids cease discharging and start to conduct The latest IT infrastructure allows the shape of the discharge pulses to be automatically and remotely downloaded,
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analysed and classified results to be displayed on a web front end. This enables circuits requiring further investigation to be quickly identified (see fig 8) .
MAPPING TECHNIQUES COMPARISONS
Techniques available
Off-line mapping such as Very Low Frequency (VLF) testing and oscillating wave techniques were developed in the 1980's and many companies are currently using them as a diagnostic tool. Their application is in most cases limited to circuits without Tee junctions, a considerable amount of equipment is required and the section tested needs to be switched off. On-line mapping techniques such as "Transponder" and "GPS synchronisation" techniques have been developed in recent years. These techniques are increasingly recognised by the industry as the way forward as they are easier to use and cheaper to implement than Off-line techniques.
Both techniques (See Figure 3 ) have advantages and drawbacks that will be discussed later in the document.
On-line PD mapping
When a PD event occurs, the pulses travel outwards in both directions from the originating site. The first pulse to arrive at the measurement end is the pulse which has traveled directly to the end. The pulse which allows the PD site to be located is the pulse which set off in the opposite direction, and has been reflected from the far end (Figure 4) . If both of these pulses are identifiable, the location of the site of the PD event is easy. The time difference between the first two pulses (the direct pulse and the reflected pulse) i.e. ∆T, locates the site of the PD event.
However, it is often impractical to carry out locations using this simple single ended method. The reflected pulse is either too small or it is confused with other pulses which may be present due to other reflections, noise, or some other 'distortion' of the waveform. Hence if the second pulse can be made to clearly stand out, then location is made much easier.
The transponder is designed for use in on-line PD location in the following cases:
• Attenuation too large from a long cables • Waveforms too complex to interpret by inspection • Teed or multiple jointed circuits • Circuits with many items of switchgear • Cables with little change in impedance at the far end
The transponder allows a signal from the end of the cable to be "boosted" and hence seen as a return pulse for the PD location system to use. The equipment is essentially a trigger system coupled to a large output pulse generator so that when a pulse is received by the transponder, which exceeds the trigger level, the transponder outputs a large pulse, which is sent back down the cable. This essentially makes a single ended location system into a double-ended location system.
The advantage, which the double-ended location system has over the single ended, is that no waveform interpretation is required and the effective analysis distance is doubled.
The transponder boosts the size of the reflected pulse so that it can easily be distinguished. A typical waveform would then look like The on-line detection of PD's and launch of boosted pulses is carried out using split core high frequency current transformer (CT) typically operating between the range 50KHz -20MHz. They are either connected on the cable earth, at the cable end box or around the cable, immediately after the cable earth termination.
Precautions
On-line mapping is still a relatively new technology and is still developing. Common industry standards for the use and interpretation of on-line systems have yet to be developed. The following issues have been identified as being major contributors to successful on-line mapping:
• On-line detection and mapping of partial discharge pulses is currently dependant upon the provision of cable termination with insulated earthing glands suitable for the installation of High Frequency CTs. The provision of insulated earthing glands is mainly a function of the earthing and protection schemes design standards employed. Across EDF Energy's three distribution networks, it is estimated that 80% of the cable termination are suitably insulated in the SPN network, 60% for LPN and only 20% for EPN. Alternative sensing and injection methods are the subject of separate research workstreams.
• Field tests have shown that PD pulses propagate through the busbar as they arrive at the primary substation. As a result, outgoing pulses will be seen on the earth bars and phases of adjacent MV panels. Simple checks such as "looking which pulse is coming first" can locate the true origin of PD pulses. Figure 6 demonstrates that the original PD has a higher magnitude and arrives before the pulses that propagated through the Busbar (the pulses for the adjacent panels should be negative but have been inverted to facilitate comparison). • If more than one Partial Discharge event (defect) occurs on a circuit, they will generate pulses of different shapes and magnitudes. To ensure that the all the PD events are captured the detection threshold must be set low enough to detect all the PD pulses, but high enough to reject background noise.
• 24-hour monitoring has shown that PD activity can, depending on the type of defect follow the load or change of load pattern. Some medium voltage feeders have a greater load during the night (i.e. storage heating and industrial processes) and very limited PD activity may occur on these circuits during the day. In the case of the circuit shown in Figure 7 , an on-line mapping test carried out in the middle of the day would not reveal any problems. 
Off-line PD mapping
Off-line PD Mapping is carried out by taking a section of cable out of service, and typically energising it using a discharge free VLF power supply (usually 0.1Hz as this reduces the kVA requirements of the power supply) with an adjustable voltage output.
The detection is usually done directly from the phases using a "capacitive coupling" detection circuit and the partial discharge waveforms are recorded using a digital oscilloscope. The locations are then calculated using timings from the PD pulses detected (Figure 8 ). 
Selection of circuits:
For comparison purposes, circuits to map on-line and off-line were identified and selected using the EDF Energy on-line analysis tool. Automatic analytical processes and knowledge rules classify the circuits depending on their magnitude and activity trend ( Using this automated process, five circuits to be tested on-line and off-line mapping could be automatically selected. Due to the limitation of the off-line testing equipment, only straight circuits (without Tee junctions) were chosen.
RESULTS AND DISCUSSION
On-line and Off-line maps:
Figure 10 to 14 show the location of a selection of the PD pulses detected on-line using the Transponder and off-line, using VLF test equipment. The 5 circuits were selected by automated analysis and undertaken by field technicians as part of routine work.
The off-line PD maps were plotted (the pulses location are represented by crosses) and the on-line location was added on the same graph as well as the average magnitude of the pulses detected on-line.
• Circuit 1: 1115 meters The location found on-Line is the same as the location found off-line. The off-line result gives a wider spread of PD's around the main site.
• Circuit 2: 890 meters The most active site is the same for On-Line & Off-line testing. Nevertheless, off-line testing also shows less dense areas of PD's spread mostly in the first half of the circuit.
• Circuit 3: 1140 meters The on-Line location is located in the area where off-line shows the highest concentration of PD pulses (although it is not very clear on the PD map).
• Circuit 4: 1852 meters A clear location of a PD site was found on-line but an insignificant number of pulses were detected off-line.
• Circuit 5: 1528 meters 
A location has been found off-line but because the cable termination was not fitted with a suitable insulated earthing gland at the remote end, the transponder was unable to detect PD pulses and consequently no on-line mapping was possible.
Results discussion:
Assuming that sensor can be fitted and calibrated accurately, on-line and off-line mapping results produce similar locations (Figure 10 to 12) for critical defects.
In each of these example cases only, one dominant discharge site was noted on-line and whilst this is most common, multiple PD sites are also observed. Off-line testing generally produces more and wider-spread PD locations and the magnitude of some of the pulses are higher. This can be explained by the following:
• During off-line testing the cable is not operating under its normal conditions (thermo mechanical 3-phase electrical stresses and temperature) and consequential many voids that would normally be filled with oil are free to discharge. Following the re-energisation of a circuit after a period of time where the insulation has been at rest, on-line monitoring shows that partial discharge activity is often initially much higher, as free cavities on the cable begin to discharge. This activity can be quite short lived, as once the cable as returned to its normal operating load and temperature conditions (usually after a few hours or sometimes a few load cycles), discharge activity usually gets smaller or disappears completely as demonstrated in figure 15. • Off-line test voltages are normally higher than the normal operating voltage and the circuit is subject to more stress that when tested on-line. It has been suggested and frequently observed, that when the applied voltage is increased, discharges will be initiated in voids that would not normally discharge [1] .
The charge of the PD pulses detected off-line may also be higher as a result of the voltage detection on the phases being made by calibrated systems. On-line test current pulses are by contrast, measured through a high frequency CT on the earth of the cable, and are generally less sensitive than capacitor sensor connected directly to phase conductors. The charge recorded for each of the pulses depends on the transfer impedance of the sensor and the specific installation arrangements.
• Noise conditions will generally be higher on-line, this makes the detection of small Partial Discharge pulses difficult and also explains why on-line tends to reveal a small number of the larger and more frequently occurring discharge sites per circuit. Table 1 summarises the current advantages and drawbacks of the two techniques. World wide interest regarding on-line mapping and monitoring equipment has gradually grown over the past few years and innovations are slowly emerging (In November 2004, Kema tested an "on-line" mapping equipment prototype and produced as a result their first ever "on-line cable PD map").
Following the trials carried on the EDF Energy network, it has been concluded that the current best strategy is to use online monitoring in conjunction with on-line and off-line mapping techniques.
On-line monitors can strategically be deployed at prioritised substations in order to observe the evolution of the partial discharge activity. Automatic analysis tools provide a classification of the circuits most at risk of failure, which can then be used to target mapping (on-line or off-line, depending on the case).
Online-mapping can be used to locate these specific operationally critical defects, whilst off-line techniques can be used to locate less critical defects which circuits are available for test and to provide an assessment of condition prior to
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EDF Energy is developing a long-term preventive maintenance and replacement strategy through a programme of integrated work-streams in conjunction with a consortium of partners.
Although more research is still to be undertaken (especially in the area of on-line detection of PD pulses, noise reduction, interpretation of the results and pinpointing of defects following location), this integrated suite of new on-line techniques is already beginning to demonstrate the potential for playing a major role in the future management of MV networks.
